Breast irradiation is one of the most challenging problems in radiotherapy due to the complex shape of the target volume, proximity of radiation sensitive normal structures and breathing motion. It was the aim of the present study to use electronic portal imaging (EPI) during treatment to determine intra-and inter-fraction motion in patients undergoing radiotherapy and to correlate the magnitude of motion with patient specific parameters.
Introduction
Breast irradiation is one of the most challenging problems in radiotherapy due to the complex shape of the target volume, proximity of radiation sensitive normal structures and breathing motion. In addition, since the majority of breast cancer patients are cured after treatment, minimizing late radiation sequelae on normal tissues like the lung and the heart is of paramount importance.
There is also increasing interest in partial instead of whole breast radiation (1). The more complex and conformal external beam techniques for partial breast radiation require detailed attention to target volume definitions and margin allowances and organ motion during treatment. Organ motion and set-up uncertainties must be taken into account when designing the planning target volume for breast radiation. The concepts of margin design are discussed in ICRU report 62 (2) and require knowledge of intra-and inter fraction motion of the target and critical structures. The recent introduction of electronic portal imaging (EPI) on many radiotherapy units (3, 4) has created the opportunity to quantify both types of motion from the multiple images captured in real time per treatment fraction (5).
It was the aim of the present study to evaluate the suitability of electronic portal imaging (EPI) for determination of intraand inter-fraction motion in patients undergoing radiotherapy for breast cancer. Patient motion was to be correlated with patient specific factors such as age, body mass index and breast size with the hope to identify parameters which can be used to predict the magnitude of motion in individual patients. The data will be used to evaluate the feasibility of more conformal or intensity modulated treatment delivery in the future.
Materials and Methods

Patients
Twenty patients treated with adjuvant radiation for breast cancer were enrolled in the study after giving informed consent. Patient demographics are listed in Table I . Patient age, body mass index, breast size, and baseline separation through mid-sternum to the ipsilateral mid-axillary line were recorded for each patient. The average age of the patients was 63 years (range 49 to 76 years) and there were eleven left breasts and nine right breasts treated.
All patients were treated on a MedTec breast board with two opposed tangential fields using 10MV X-rays from a Varian Clinac 2100CD linear accelerator. The enhanced dynamic wedge (EDW) was used to improve the dose distribution and the posterior field edge was typically half blocked using asymmetric collimation to reduce the lung dose. Two fractionation schemes were uses as indicated in Table I : 42.5Gy in 16 fractions and 50Gy in 25 fractions given over three and three and a half or five weeks, respectively (6).
Electronic Portal Imaging
EPI cine images were acquired only from the medial tangential fields for each of the twenty radiotherapy patients. The lateral image was not repeatedly acquired to avoid patient anxiety due to the EPI device moving out. As the images were acquired using the treatment beam no additional dose was given to the patients to generate images. The linear accelerator was equipped with a liquid-filled ionization chamber type EPID. Towards the end of the study another linear accelerator (also Varian Clinac 2100CD) equipped with an amorphous silicon EPID became available. Eighteen patients were studied with the former EPID and two with the latter. Figure 1a shows a typical image from a series of 8 images acquired with the ionization chamber-based EPID and figure 1b shows a typical image acquired with the amorphous silicon detector-based EPID. While the image quality of the silicon detector was significantly better, it was limited by its smaller size to patients with a field width of 20cm or less. For both systems, the outlines of the breast mound and the shadow of the lung could be clearly identified.
For detection of the external contours usually the default window and level setting was adequate. This is a maximum window displaying all gray levels. However, for the determination of the lung involvement it was often necessary to adjust windowing and leveling of the images to optimize contrast. Due to the sharp gradient between lung and tissue the uncertainty due to window and level setting in identifying the line separating lung and breast tissue was less than 2mm.
Images were acquired during at least eight fractions for all but one patient. Patient 7 in Table I had only 5 sets of images that could be evaluated. Imaging commenced as early as possible in the course of treatment. It is clinical practice in our institution that the radiation oncologist views the image acquired in the first fraction prior to the next fraction. If patient repositioning or field size changes are required a repeat image is taken. The images included in the study were all acquired after the patient positioning had been approved by the treating clinician -therefore, the evaluation does not include any repositioning of the patient which would affect the inter-fraction variability. No additional repositioning was found necessary in any patient included in the study.
Depending on the incident dose, the angle of the wedge and the image quality, three to 16 images were captured per session to assess intra-fraction motion. The typical image acquisition time varied between 0.5 and 3 seconds depending on the image quality selected. No images were acquired once the jaw commenced moving for the dynamic wedge delivery. Therefore, the field outline in all images represents the full open field. On few occasions only one image was acquired. These single images were only used to evaluate inter-fraction variability.
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Evaluation
For each image, the following three parameters were measured as shown in Figure 1 :
I. The "Central Flash Distance" (CFD) as the distance between the anterior field edge and the breast mound as measured in the centre of the field. II. The "Inferior Central Margin" (ICM) as the distance between the inferior field edge and the breast outline as measured in the centre of the field. III. The "Central Lung Distance" (CLD) as the distance between the medial field edge and the end of the lung shadow as measured in the centre of the field.
These parameters are identical to the ones taken by D. Fein in their study (5). The measurements were performed on the computer screen using the ruler tool in Varis Vision Version 6.1 (Varian Medical Systems, Palo Alto).
In total, 836 images were evaluated for intra-and inter-fraction variability. For each treatment day the mean and standard deviation was determined for each of the three parameters listed above.
The intra-fraction variability, IntraFV, for a patient i was defined as the average standard deviation of a parameter p for all n treatment fractions for which images were available for the patient:
This intra-fraction variability is related to organ motion and represents mostly breathing motion. The inter-fraction variability, InterFV, was defined as the standard deviation of the mean values on each day for all of the treatment fractions of a particular patient.
Correlation Between Motion and Patient Specific Parameters
An attempt was made to find a correlation between the magnitude of motion observed in individual patients and patient specific parameters. The parameters investigated are listed in Table I (tumor location, number of fractions, age, weight, height, body mass index = weight/height ^ 2, separation, breast thickness = field length -(CFD + CLD), and field size).
Statistical evaluation was performed using multivariate analysis (Statistica 5.5, StatSoft) and a Student's t-test was chosen for the investigation of direct correlation between variable pairs using a two-tailed distribution.
Results and Discussion
Electronic Portal Imaging EPID cine images were easy to acquire during treatment of breast cancer patients without additional dose to the patient. The measurements increased the treatment time by less than 1 minute due to the need to bring out and retract the EPID. The breast-air and breast-lung interfaces are easy to detect even on EPI of relatively poor image quality. The use of an amorphous silicon detector improved the image quality compared to the liquid ion chamber array as can be seen in figure 1. However, for the present study this improvement was less important than the shorter acquisition time afforded by the more modern EPID system as it allows obtaining more images during the cine acquisition. More recently, it has been shown that breast images acquired with the liquid ionization chamber array are suitable for automatic interface detection and computer assisted evaluation (7).
A single observer evaluated all images. In order to check the potential bias introduced by this process, the images of two patients were also evaluated by a second independent observer. Figure 2 shows the correlation between the measurements made by the two observers. All six sets of data are statistically significantly correlated. However, it is obvious, that the inferior central margin is most difficult to assess which is in agreement with previous studies (5). While the absolute magnitude of the margin is the same for both observers, the differences of ICM between different patients was generally judged to be smaller by observer 2.
The fact that both CLD and CFD correlations are good confirms that the adjustment of window and level of the images to determine the lung/tissue interface did not significantly affect the measurements as the adjustments were independently performed on different days by the two operators. Table II lists the results for intra-and inter-fraction variability for the three parameters studied. Inter-fraction variability was found to be about twice as large than intra-fraction variability. The largest variability was detected in cranio/caudal direction. While the lung involvement (CLD) varied by 1.8 +/-0.6 mm inter-fraction, the intra-fraction variation was less at 1.1 +/-0.2mm. These values are similar to the ones found by Fein et al. in a similar study on 13 breast cancer patients (5). These authors found intra-fractional variabilities to be 1.7, 0.9 and 1.6mm for CFD, ICM and CLD, respectively.
Intra-and Inter-fraction Variability
It should be noted that on the liquid ion chamber imaging system the minimum time for acquisition of an image is 0.5s. This is comparable to the acquisition time in 4D CT scanning (8) and not necessarily negligible compared to the human breathing cycle. Therefore it may mask short extreme movements. Breathing motion is not symmetric and patients are likely to spent more time in exhalation than inhalation. Therefore, the standard deviations shown in Table II are not necessarily the appropriate measure to characterize intra-fraction motion. As such, also the average range of motion in the 20 patients is given. It is also important to note that intra-fraction motion can have more contributions than breathing alone, a fact which must be taken into consideration when comparing results from motion studies which use different methodologies (eg gated CT scanning).
The inter-fraction variability was found to be more than two times larger than the intra-fraction variability. In general though, the values found here are smaller than the results by Fein et al. who published inter-fractional variabilities of 4.4, 6.3 and 4.4mm for CFD, ICM and CLD, respectively (5). However, as these values may vary with immobilization and clinical practice it is not necessarily possible to transfer them from one radiotherapy center to another. For example, van Tienhoven et al. reported in a smaller study inter-fractional variation of 2.2, 1.8 and 1.7mm for the three parameters (9) which is also lower than the values observed in the present study. As such it appears to be essential that each center verifies the set-up variations prior to adjusting margins.
No significant difference could be found in the motion between patients treated for left versus right-sided breast cancer. There was a trend towards smaller intra-fraction variability for right versus left-sided breast radiation (0.95 vs 1.16mm) which stems predominantly from the variation seen for CLD.
As the breast moves as a whole organ, it was hypothesized that the variation between the different parameters measured would not be independent of each other. This is shown in Figure 3 for patient 5 in Table I . The correlation between both ICM and CLD and CFD is statistically significant for this patient. As can be seen in Figure 1 , it is not surprising that the central flash distance and the central lung distance are inversely correlated. If field length and chest wall thickness are constant, CFD + CLD must be constant as well. In most (75%) of the patients in the present study the correlation between CFD and CLD was significant while there was a correlation between ICM and CFD only in 6 of the 20 patients. Figure 4 shows the relation between inter-and intra-fraction variability. In general, these two appear to be independent of each other, which indicates that patient set-up and organ motion are independent parameters. Only in the case of the inferior central margin a trend towards correlation could be found which can be largely attributed to three patients.
Target Margins
Assessment of Motion in Breast Cancer RT 447
Technology in Cancer Research & Treatment, Volume 3, Number 5, October 2004
Table II Intra-and inter-fraction variability. Shown is the mean and single standard deviation for all 20 patients in the study. Also given is for intra-fraction variability the average range of motion for all 20 patients, and for interfraction variability the range of variabilities amongst the patients.
Intra-fraction variability (mm)
Inter-fraction variability ( Table I ).
From the data shown in Table II it is possible to derive margins for breast treatment. If no daily imaging is employed, both inter-and intra-fraction variability must be considered when deciding on field margins. As shown in Figure 4 it is justifiable to assume that the two are independent of each other. Therefore, it is possible to add the uncertainty on a desired confidence level in quadrature. If one chooses a 95% confidence level the results shown in Table II yield margins of about 6 mm for tangential breast irradiation. It must be acknowledged though that breathing motion will not result in a random variation and as such the standard deviations used to describe uncertainty are not necessarily appropriate.
The maximum difference in the three parameters between any image taken in the present study for a single patient was 10.2, 11.1 and 7.8 mm for CFD, ICM and CLD, respectively. Therefore, it appears that a margin for set-up of around 10 mm would be adequate to allow for the day to day variation observed in the present study if one would like to cover the target under all circumstances.
In any case, the data presented here provide confidence that intra-fraction motion is not a major problem in breast cancer radiotherapy. Unless one intends to deliver highly conformal dose distributions such as in partial breast irradiation (1, 10) or IMRT (11, 12) it seems not to be warranted to employ gating (13) or breath hold techniques (14-17) for breast cancer radiotherapy.
Correlation Between Motion and Patient Specific Parameters
The correlation between intra-fraction or inter-fraction variability and different patient specific parameters was examined for all 20 patients in order to identify parameters that could predict particular motion features for individual patients. As an example, Figure 5 shows the intra-and inter-fraction motion plotted as a function of the separation of the breast at central beam axis. While there was a tendency for inter-fraction variation to increase with larger separation, no significant correlation was found between variability and patient weight, height, body mass index or field size. In order to investigate possible correlations further, a distinction between right and left sided breast treatments was made. No statistical correlation could be found between the subgroups and the parameters listed above. A distinction between left and right sided breast treatments is included in Figures 5b and 6 .
There was a significant correlation between inter-fraction variability and patient age. This is shown in Figure 6 where the mean variation (average of CFD, ICM and CLD) is plotted against patient age. As in Figure 5b left sided breast treatments are identified by a circle around the symbol. This may be a result of increasing inflexibility and difficulty for the patient to assume and hold treatment position (arm overhead) with age. While the correlation between age and interfraction variability is statistically significant (p = 0.05) this association has to be interpreted with caution. If one studies the correlation of more than 20 parameters it is likely that by chance at least one of them will appear to be statistically correlated on a p = 0.05 level. On the other hand one could hypothesize that patients are less flexible with age making it more difficult to assume the same position for every treatment fraction. A separate study of larger sample size needs to be designed to examine this question prospectively.
Conclusion
Acquisition of EPI cine images proved to be a quick and easy technique to establish the amount of patient movement during breast radiotherapy. In the twenty patients included in the present study inter-fraction variability was found to be approximately twice as large as intra-fraction motion. No correlation could be found between set-up and organ motion and any patient specific parameters such as treatment side, weight, breast separation, field size or patient height. A correlation between patient age and inter-fraction variability should be confirmed in a larger study. The relatively small intra-fractional variability found in the present study does not indicate that breast cancer patients would benefit considerably from breath hold techniques or gating. Electronic portal imaging is easily performed daily with minimal increase in treatment time. As this can reduce the impact of inter-fractional variation, the present results justifies considerations for more conformal dose delivery (e.g., compensators, IMRT or partial breast irradiation).
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